A rapid, sensitive, and selective method for the determination of betaines is described and discussed. The method entails derivatizing the quaternary ammonium compounds to increas their sensitivity to detection by fast atom bombardment mass spectrometry. Sensitivity of detection increases markedly as the length of the carbon chain of the alcohol used to esterify the betaine carboxylic acid group is inreased (C4 > C3 > C2 > Cl > Ca). The lower limit of detection of glycine betaine as the i-propyl ester is 0.05 nanomole per microliter of glycerol. Betaine aldehyde can be readily derivatized to the di-n-butyl or di-n-propyl acetal derivatives which exhibit lower limits of detection of about 5 picomoles and 10 picomoles per microliter of glycerol respectively. Accurate quantification of these compounds is accomplished by the use of deuterium labeled internal stanards or quaternary ammonium compound homologs of distinct mass. Methods for the synthesis of these internal standards are reported. Some applications of these methods are iflustrated with stable isotope tracer studies on the kinetics of metabolism of choline to betaine aldehyde and glycine betaine in spinach leaf discs, and the identification of several Zea mays genotypes which appear deficient in glycine betaine. Tracer studies with deuterium labeled betaine aldehyde suggest that the deficiency of glycine betaine in one sweet corn hybrid is probably not due to a deficiency in the capacity to oxidize betaine aldehyde.
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Quaternary ammonium compounds occur widely in nature and may serve important roles as compatible osmotic solutes or osmoprotectants (13, 17, 22, (28) (29) (30) 34) . Glycine betaine (N,N, N-trimethyl glycine) is thus of considerable interest in terms of the osmotic stress tolerance of the Chenopodiaceae and Gramineae (7, 15-18, 20, 32, 33) . But a key test of the adaptive significance of glycine betaine accumulation in osmoregulation in higher plants must ultimately come from the identification and detailed characterization ofglycine betaine deficient mutants of glycine betaine accumulating species (16, 17) . A candidate species for the search for such mutants or naturally occurring variants is Zea mays, a species which is reported to have relatively low glycine betaine titers in comparison to many other grasses and cereals (20, 28) . ' Purdue University Agricultural Experiment Station Article No.
10,888. This work was in part supported by a grant from the Corporation for Science and Technology in Indiana.
In considering screening maize germplasm for genotypic differences in glycine betaine levels, and potential methods for characterizing putative betaine null genotypes, we noted a paucity ofconvenient methods which would lend themselves to both accurate quantification of low glycine betaine levels in the presence of other quaternary ammonium compounds (e.g. choline, phosphoryl-choline, and betaine aldehyde) and stable isotope tracer studies on the betaine biosynthetic pathway. Available methods for betaine determination lack either sensitivity, resolution, and/or amenability to stable isotope tracer work (4, 8, 12-14, 19, 20) . We therefore sought sensitive mass spectral methods for quantifying glycine betaine and its stable isotope abundance.
Mass spectral analysis of quaternary ammonium compounds of synthetic and natural origin has been approached for the most part by desorption methods. FABMS2 (6) , 252Cf fission-fragment and laser desorption (27) , thermal ionization (11) , field desorption (2, 21, 26) , direct exposure chemical ionization (6) , and secondary ion mass spectrometry (9, 31) have all been applied to determine general features of ionization and fragmentation common to quaternary ammonium compounds. While all ofthe above techniques produce intact molecular cations, FABMS is particularly well suited to the analysis of preformed ions which exhibit surface activity in liquid sample matrices (25) . Generally, FABMS of quatemary ammonium salts produces molecular cations with the greatest relative abundance and allows monitoring of long-lived signal derived from stable ion emission. In this paper we demonstrate the application of FABMS in the quantitative determination of betaines in plant extracts, describing the optimization ofderivatization conditions to increase the sensitivity of detection of betaines. The utility of these techniques is illustrated with stable isotope tracer studies on the glycine betaine biosynthetic pathway in spinach and Z. mays leaf discs, and the identification of several glycine betaine deficient genotypes of Z. to give a final ratio of 10:5:6 (methanol extract:chloroform:H20, v/v/v) and the upper aqueous phase was concentrated to dryness, at which point a known amount of internal standard (glycine betaine-dg; usually 1125 nmol) was added. The samples were redissolved in 1 ml H20 and applied to a 2 x1 cm column of Dowex-1 -OH-prepared from Dowex-1 -Cl-by washing the latter column with 2 ml 6 M NaOH followed by 25 ml H20. Betaines were eluted with 6 ml H20 and the aqueous eluants applied to 2 x 1 cm columns of Dowex-50W-H+. After washing the latter columns with 8 ml H20, betaines were eluted with 6 , and 5 h) and extracted in 10 ml methanol. For the d3-betaine aldehyde feeding studies d9-glycine betaine (1000 nmol/sample) was used as internal standard and betaines were eluted from Dowex-50W-H+ with 6 M NH40H. For the d9-choline feeding studies, -y-butyrobetaine (1125 nmol/sample) was used as internal standard, eluting betaines, and betaine aldehyde from Dowex-50W-H+ with 2.5 M HCI. In these studies, the samples were derivatized with n-butanol:acetyl chloride prior to FABMS analysis.
Mass Spectrometry. Aliquots of 1 ,l of glycerol containing quaternary ammonium compounds or their derivatives were introduced into the mass spectrometer (HP5985A; Hewlett Packard) via the FAB probe and irradiated with Xenon (8 kv; 50 tgamps, 50°C). The Fast Atom Capillaritron Source was by Phrasor Scientific Inc., Duarte, CA (23) .
RESULTS AND DISCUSSION Method Development. In all analytical methodology, the objective of analyte derivatization is to confer particular physical or chemical properties which optimize selectivity and sensitivity. Desorption mass spectrometry methods are particularly well suited to preformed ionic species. Naturally occurring betaines are zwitterionic compounds with a carboxylic anion and quaternary ammonium cation in the same molecule. Two approaches can be taken to increase the net positive ion concentration. The glycerol matrix in which the sample is dissolved can be acidified to impart a formal positive charge to the molecule, or the analyte can be esterified to the positively charged quaternary ammonium ester. The latter technique, termed 'reversed derivatization,' maximizes polarity which has been found to be desired in desorption mass spectrometry applications (3). Analysis of the zwitterionic form requires protonation in the condensed or gas phase, a reversible process, to form the observed adduct ion. The second case requires only a change of state from the condensed phase to the gas phase.
Ionization efficiency and therefore sensitivity depend as well on cation size and interfacial surface properties. With compounds which contain distinct hydrophobic and hydrophilic character, surface activity in a liquid matrix can be affected by varying the hydrophobic aliphatic chain portions of the solute. For these reasons we sought to enhance method sensitivity by converting the zwitterionic betaines to the preformed ions of optimal ester chain length.
Significant effects of carbon number in the ester group can be observed by comparing positive ion FABMS sensitivity of equimolar mixtures of do-and dg-glycine betaine esters relative to the glycerol adduct ion (m/z 185) (Table I) , and by comparing homologous d9-glycine betaine ester relative responses in an equimolar mixture (Table I ). As seen in Table I , a relationship between sample/protonated glycerol dimer (m/z 185) ratio and relative intensity versus carbon number of the ester group is strongly suggested. As the length of the carbon chain of the ester group is increased, signal intensity per nmol of betaine ester is markedly increased (Table I) .
Selection of an appropriate derivative was based on signal intensity, competitive fragmentation via neutral elimination in the gas phase, minimal glycerol background, and ease of derivative preparation. Esters greater than methyl undergo unimolecular decomposition to yield a fragment ion at m/z 127 for dgglycine betaine and 1 18 for do-glycine betaine esters, equivalent to protonated free acid (Table I) . Straight chain esters fragmented to a lesser extent than (-branched structures (Table I) presumably due to the greater number of -y-hydrogens available for hydrogen migration in ,8-branched esters. Both the n-butyl and n-propyl esters of glycine betaine appear highly suitable for quantitative applications. A scan of FAB irradiated glycerol produced a fairly clean spectrum from m/z 160 to m/z 170 (results not shown) suitable for quantifying do-and dg-glycine betaine as the n-propyl esters at m/z 160 and 169, respectively. Although the cation of dg-glycine betaine n-butyl ester (m/z 183) gave the strongest signal (Table I) , some background from irradiated glycerol contributes to this signal at this mass, as shown by Field (10) . The n-butyl ester of glycine betaine is not recommended for quantifying trace levels of dg-glycine betaine (i.e. less than 0.1 nmol/,ul glycerol). In our experience the lower limits of detection of the n-propyl and n-butyl esters of dg-glycine betaine are approximately 0 Figure 1 shows results of a linearity study, calibrating synthetic d9-glycine betaine against do-glycine betaine as the npropyl esters (m/z 169 and 160, respectively). The calibration curve was linear over two orders of magnitude from 45 to 0.45 nmol/Ml glycerol. It should be noted that the signal ratio for do (m/z 1 60)/dg (m/z 169) was slightly less than 1 for an equimolar concentration (Fig. 1) . The isotopically labeled derivative produced a more stable cation with a lower degree of neutral elimination (see also Table I ). This phenomenon was observed for several different ester isotopic pairs which underwent gas phase unimolecular decomposition (Table I) . Reliability of the assay was not affected, however, since the elimination occurs reproducibly.
y-Butyrobetaine responded similarly to glycine betaine in that signal intensity per nmole increased markedly as the length of the carbon chain of the ester group was increased (results not shown). However, y-butyrobetaine as the n-propyl ester exhibited a much lower degree of neutral elimination to the protonated free acid in comparison to the n-propyl ester of glycine betaine (Table II) (cJf Table I ). Proline betaine-d6 (stachydrine) and pipecolic acid betaine (homostachydrine) n-propyl esters produced strong signals from the molecular cations but exhibited significant neutral elimination to the protonated free acids (Table  II) . Hydroxyproline betaine (betonicine) as the n-propyl ester (m/z 202) yields a fragment ion of mass 160 (results not shown). Thus, care should be taken in interpreting the origin of ions of mass 160 which could result from either the intact molecular cation ofd-o-glycine betaine n-propyl ester or neutral elimination of the hydroxyproline betaine ester to the protonated acid.
Betaine aldehyde yields di-alcohol acetal derivatives which exhibit exceptionally strong FABMS signals (Table III) . Signal intensity again increases as the length of the carbon chain of the reagent alcohol is increased (Table III) (Table I) . approximately 10 pmol and 5 pmol/,l glycerol, respectively (results not shown). Calibration of -y-butyrobetaine against dgand do-glycine betaine and do-betaine aldehyde as the isobutyl derivatives gave the relative responses summarized in Table IV . The betaine aldehyde derivative was approximately 20 times more sensitive to detection than the y-butyrobetaine derivative and 10 times more sensitive to detection than the glycine betaine derivatives (Table IV) . It was possible to detect as little as 0.5 nmol betaine aldehyde in the presence of 1125 nmol y-butyrobetaine, 11.25 nmol d9-glycine betaine, and 50 nmol do-glycine betaine (Table IV) .
Method Applcatons and Further Cautionary Notes. (a) Quantification of Betaine Levels in Halophytes. Betaines can be isolated from plant extracts free of amino acids, sugars, organic acids, choline, and betaine aldehyde in a simple two step ion exchange purification scheme, eluting betaines with 6 M NH4OH from Dowex-50W-H+ in the last step ("Materials and Methods"). Removal of free amino acids on the first ion exchange column (Dowex-I -H-) is essential because in the derivatization process, Table II amino acids also yield esters which can considerably complicate the mass spectra. Glutamate and aspartate (and their amides) yield di-carboxylic amino acid esters which give particularly strong FABMS signals as the protonated intact cations. The signals from di-carboxylic amino acid esters are much more intense than those for mono-carboxylic amino acids in the same molar ratios (results not shown). It is exceptionally important to remove valine which gives a molecular ion of identical mass to that of glycine betaine. By removing free amino acids, however, relatively clean mass spectra of the betaine fractions of glycine betaine containing plant species have been obtained. Glycine betaine n-propyl ester (m/z 160) and its protonated free acid fiagmentation product (m/z 118) were virtually the only ions detected above glycerol background in the n-propanol esterified betaine fraction of several halophytes evaluated. Initial analyses were performed excluding any internal standard to verify that the plant extracts were free of ions of the same mass as the internal standard. Subsequent analyses were performed on extracts spiked with a known amount of d9-glycine betaine, scanning over a narrow mass range around the molecular cation region, calculating do-glycine betaine levels from the ratio ofions 784 RHODES ET AL. (Table V) are similar to those observed for the same (or closely related) species reported by Storey et al. (28) . Glycine betaine was found at abundant levels in Gnaphalium californicum, a member of the Compositae, and Cuscuta salina, a member of the Convolvulaceae (Table V) . It has not yet been established whether C. salina has the enzymic potential to synthesize its own glycine betaine, or whether this parasite simply derives glycine betaine from its host, S. depressa. Two other members of the Compositae evaluated (Grindelia humilis and Cotula coronopifolia) contained no detectable amounts of glycine be- (Table V) . The Compositae deserve further investigation to clarify the taxonomic distribution of glycine betaine (28) . The FABMS spectra of the species listed in Table V failed to reveal any other betaines (e.g. stachydrine) in these plant extracts (results not shown). At present it is not clear whether /3-alanine betaine (12, 20) would survive the derivatization process due to the problem of ,3-elimination. Attempts to synthesize (3-alanine betaine by the reaction scheme outlined in "Materials and Methods" proved unsuccessful.
(b) Genotypic Variabilityfor Glycine Betaine Levels in Maize Inbreds. In a survey of 22 inbred lines of Zea mays (Northrup King Co. germplasm) grown under field conditions, substantial variability for glycine betaine levels was observed (>150-fold) ( Table VI) . Glycine betaine levels ranged from 0.6 nmol/cm2 of leaf tissue (i.e. approximately 33 nmol/gfw) to 101 nmol/cm2 leaf tissue (i.e. approximately 5580 nmol/gfw) ( Table VI) . In general, there was good agreement between the independent samples from replicate rows of these genotypes (Tables VI). The three betaine deficient lines (1506, 644, and 338) merit further detailed biochemical and genetic characterization to determine the molecular basis for this phenotype of betaine deficiency (research in progress). In principle, stable isotope tracer studies could assist in identifying the likely step(s) in the betaine biosynthetic pathway which may be blocked in the betaine deficient lines. Preliminary tracer studies with spinach leaf discs lend support to the feasibility of this approach (see below).
(c) Kinetics ofMetabolism ofdg-Choline to d9-BetaineAldehyde and dg-Glycine Betaine in Spinach LeafDiscs. In isotopic tracer studies in which deuterium (dg) labeled precursors of glycine betaine are supplied and deuterium labeled products are sought, dg-glycine betaine can be substituted with y-butyrobetaine as internal standard. Where betaine aldehyde is sought, the samples must be eluted with 2.5 M HCI from Dowex-50W-H+ ("Materials and Methods").
Infiltration of spinach leaf discs with 1 mm d9-choline chloride leads to a linear accumulation of dg-glycine betaine ( Fig. 2A) . A typical FABMS spectrum of 1 mm d9-choline fed leaf discs of spinach (3 h incubation) is shown in Figure 2B . Newly synthesized dg-glycine betaine as the n-propyl ester (m/z 169) and newly synthesized dg-betaine aldehyde as the di-n-propyl acetal (m/z aGlycine betaine determined from the ratio of ions 160:169 as described in Figure 1 in n-propanol esterified betaine fractions using d9-glycine betaine as internal standard. b Not detectable. cm2 of leaf tissue is approximately equal to 0.018 gfw. Glycine betaine levels were determined from the ratios of ions 160:169 in n-propanol esterified betaine fractions using dg-glycine betaine as internal standard. 213) are clearly resolved from endogenous unlabeled glycine betaine n-propyl ester (m/z 160), the protonated glycerol dimer (m/z 185) and y-butyrobetaine n-propyl ester as internal standard (m/z 188) in a single scan (Fig. 2B) . The kinetics of conversion of dg-choline to d9-glycine betaine determined by this method (Fig. 2C ) suggest a half-maximal velocity at an external concentration of 0.5 mm choline, and an apparent maximum velocity of about 330 nmol/h.gfw (Fig. 2C) . Betaine aldehydedg begins to accumulate substantially only when the supply of choline exceeds a concentration of 0.5 mM dg-choline (Fig. 2D ).
The apparent maximum velocity of choline oxidizing activity to glycine betaine in spinach agrees favorably with the highest rates of glycine betaine accumulation under extreme stress conditions in spinach (7.5 ,umol/d gfw = 312 nmol/h -gfw) (7). These results support the view that betaine aldehyde is an inter-DETERMINATION OF BETAINES BY FABMS mediate in the conversion of choline to glycine betaine in chenopods (7, 18) .
Note that although choline and phosphoryl-choline coelute with betaine aldehyde and betaine(s) in the 2.5 M HCl eluant from Dowex-50W-H+, neither choline nor phosphoryl-choline derivatize with n-propanol:acetyl chloride. Thus, neither choline nor phosphoryl-choline appear in the FABMS spectra (Fig. 2B ) presumably because these species are far less surface active than the betaine and betaine aldehyde derivatives in the glycerol matrix. In betaine/betaine aldehyde/choline/phosphoryl-choline fractions eluted from Dowex-50W-H+ with 2.5 M HCl, we have frequently observed Na+ and K+. Although this does not present a significant problem in the quantification of the betaine and betaine aldehyde derivatives, Na+ and K+ adduct ions with glycerol are observed in the mass spectra (e.g. the ion of mass 223 in Fig. 2B corresponds to Table VI. Four sweet corn hybrids; Silver Queen, Spirit, 1720, and 2708, were chosen for further characterization (Table VII) . The hybrid 2708 exhibits exceptionally low glycine betaine titers (Table VII) . Feeding experiments with d3-betaine aldehyde chloride revealed that all four genotypes were capable of converting d3-betaine aldehyde to d3-glycine betaine at similar rates in 5 h incubations (Fig. 3) . The FABMS spectra clearly revealed synthesis of d3-glycine betaine as the n-butyl ester (m/z 177) even in the doglycine betaine (i.e. m/z 174) deficient genotype, 2708 (results not shown). Incorporation of d3-betaine aldehyde into d3-glycine betaine was linear with respect to time in all four hybrids (Fig.  3) . FABMS analysis ofthe synthetic d3-betaine aldehyde chloride revealed that this precursor was not contaminated with d3-glycine betaine (results not shown).
Unlike spinach, we were unable to detect incorporation of d9-choline into either dg-betaine aldehyde or dg-glycine betaine (using y-butyrobetaine as internal standard) in any of these four genotypes in 5 h incubations (results not shown). These latter analyses, undertaken using conditions in which betaine aldehyde is not degraded, failed to reveal appreciable pools of unlabeled betaine aldehyde in any ofthe four sweet corn hybrids evaluated. Betaine aldehyde levels (determined as the di-n-butyl acetal at m/z 232) ranged from 0.2 to 0.5 nmol/gfw. If glycine betaine deficiency in hybrid 2708 was due to an inherent deficiency in the capacity to oxidize betaine aldehyde, accumulation of this intermediate would be expected. Taken together, these results suggest that the deficiency in glycine betaine in hybrid 2708 does not reside at the level ofthe capacity to oxidize betaine aldehyde, but indicate that exogenously supplied choline is not as effective a precursor of glycine betaine in maize as in spinach. This may be a consequence of the different compartmentation of choline metabolism or the different pathways of choline biosynthesis en route to betaine in chenopods and grasses (7, 17) . Further work is required to determine whether the phenotype of deficiency of glycine betaine in maize is a function ofgenetic lesions in choline, phosphoryl-choline, or phosphatidyl-choline metabolism (17) .
CONCLUSIONS
Derivatization of betaines and betaine aldehyde to impart increased mass, a permanent positive charge (eliminating H+, Na+, and K+ adduct ion formation in the condensed phase) and hydrophobic properties (increasing surface activity in a glycerol matrix) renders these quaternary ammonium compounds highly sensitive to detection by FABMS. Purification of these compounds from plant extracts requires a simple two-step ion exchange procedure. Quantification can be accomplished by the use of deuterium labeled or homolog quaternary ammonium compounds (e.g. y-butyrobetaine) of distinct mass as internal standards, with linearity maintained over a wide dynamic range of sample/standard ratios. Sample analysis is facilitated: (a) by the stability of the derivatives in the dried form, (b) stable ion emissions when the samples are dissolved in glycerol and subjected to positive ion FAB, and (c) rapidity of assay (less than 2 min/sample). These features of the assay method appear particularly suited to stable isotope tracer studies on the pathway(s) of betaine synthesis and for reliably and selectively quantifying low nmole amounts of betaines in complex mixtures of quaternary ammonium compounds in plant extracts.
The present results reveal substantial genetic variability for glycine betaine levels among maize inbreds and hybrids (>1150-fold) (cf. only 2-to 3-fold in barley cultivars [16] 
